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Summary:
The transport of a-aminoisobutyric acid (AlB), N-methyl-AIB (MeAIB), and diethylenetriamine pentaacetic acid (DTP A) from blood to brain was mea sured over different experimental periods in eight regions of the rat brain, Unidirectional transfer rate constants were determined from multiple-time/graphical and single time analysis of the experimental data; values of 0,0018, 0,00057, and 0,000021 ml g-I min-I, respectively, were obtained for the thalamus by graphical analysis, The ini tial distribution volume of AlB and MeAIB in brain tis sue was several-fold greater than that of DTP A and the tissue plasma volume, and this difference was not ac counted for by red blood cell uptake, This discrepancy could be due to rapid transport of AlB and MeAIB into brain endothelial cells in addition to the relatively rapid uptake by choroidal, meningeal, and ependymal asso ciated tissues that was demonstrated by autoradiography. Thus, it may be misleading and erroneous to consider the blood-brain barrier (BBB) to be a simple, singlea-Aminoisobutyric acid (AlB) is a synthetic, inert, neutral amino acid (molecular weight, 104 daltons) that does not cross the blood-brain barrier (BBB) rapidly (Oldendorf, 1971; Schain and Watanabe, 1972) , but is rapidly taken up and concentrated by brain cells (Blasberg and Lajtha, 1965, 1966) . The movement of AlB into brain cells is saturable, temperature-and sodium-dependent, inhibited by analogs, ouabain and cyanide, and, therefore, ac-8 membrane structure when analyzing the blood -brain transfer data of solutes such as amino acids. The data from the ventriculocisternal perfusion experiments and previously published AlB uptake data in mouse brain slices were used to estimate the transfer rate constants across brain cell membranes. These studies indicated that the transport of AlB into brain cells was approx imately 110 to 265 times greater than that across normal brain capillaries per unit mass of brain tissue, and that the BBB limits blood-to-brain cell transport of this amino acid. These observations (low rate of transport across normal brain capillaries and rapid concentrative uptake by brain cells) indicate that AlB is a good marker for measuring moderate to large increases in BBB perme ability by experiments that require unidirectional flux of the tracer. Key Words: a-Aminoisobutyric acid Blood-brain barrier-Blood-brain transport-Brain cell uptake-Diethylenetriaminepentaacetic acid (DTP A) N-methyl-a-aminoisobutyric acid.
tive and carrier-mediated (Blasberg, 1968; Blasberg et aI., 1970) . This transfer probably occurs by the so-called A transport system, which mediates the extracellular-intracellular flux of small neutral amino acids such as glycine and alanine in many cells (Christensen, 1962; Oxender and Christensen, 1963; Christensen et aI., 1967) . These observations on the blood -brain distribution of AlB suggest that blood-to-brain transport of AlB across the capillary endothelium, the site of the BBB, is the rate determining step for the accumulation of this amino acid by normal brain tissue. In addition, brain-to blood backflux of AlB during much of the distribu tion period will be minimized by cellular uptake. Therefore, the magnitude of unidirectional trans port of this amino acid across the BBB (blood to brain) can be determined from its tissue activity at the end of the experiment.
This report presents new experimental data on the blood -brain distribution of AlB and its trans port analog, N-methyl-AIB (MeAIB). In the course of this study, the blood -brain distribution of 57CO-diethylenetriaminepentaacetic acid (DTPA), radio iodinated human serum albumin (RISA), and 51Cr labeled red blood cells (RBC) was also determined, and the roles of RBC, the endothelium of the brain microvasculature, and brain cells were evaluated with respect to this distribution. The results in dicate that AlB transport across the normal BBB is approximately 110 to 265 times less rapid than that a<;ross brain cell membranes per unit mass of tissue. In addition, AlB and MeAIB appear to be taken up rapidly and concentrated by capillary en dothelial cells and other specialized structures (in cluding choroid plexus, meningeal and dural tissue, and the pia-glial and ependymal surfaces of the brain) during blood-to-brain transfer of these amino acids. These findings indicate that it may be mislead ing and erroneous to consider the BBB to be a sim ple, single-membrane structure when analyzing the blood -brain transfer data of solutes such as amino acids. Finally, the blood-brain transport charac teristics of AlB and Me AlB make these compounds useful test solutes with which to measure moderate to large increases in BBB permeability and express this measurement in terms of a unidirectional transfer constant.
MODELS OF BLOOD-BRAIN TRANSFER

Model I
A model for blood-brain transport in which the BBB is considered to be a single membrane be tween blood and brain is presented in Fig. 1 . Figure  1A is a three-compartment model in which the change in the amount of test substance within the extracellular fluid (ECF) per unit mass of brain tissue (A e) with respect to time (t) is given by d :r e = K IC" -(k 2 + k3)A e + k4 Ac (1) where K I is the blood-to-brain ECF transfer con stant, k 2 is the brain ECF-to-blood transfer con stant, k 3 is the brain ECF-to-cell transfer constant, k 4 is the brain cell-to-ECF transfer constant, C p is the arterial plasma concentration, and Ac is the amount of test substance within the cells per unit mas s of brain tissue at time t. The influx constant K I is obtained under the assumptions of a single vas cular compartment and a single-layered interface, the BBB, between blood and brain ; this is the same transfer constant used by Go and Pratt (1975) , Ohno et al. (1978) , and Gj edde and Rasmussen (1980) . The concentration of test substance in the ECF (Ce) is equal to AelVe, where Ve is the volume of the ECF per unit mass of brain tissue and is equivalent to the extracellular space (ECS). The change in the amount of test substance within the cellular compartment per unit mass of tissue is given by dAe k A k A d{ = 3 e -'4 c
The concentration of test substance in the cellular compartment (Cc) is equal to AcIVe> where Vc is the volume of the cellular compartment per unit mass of brain tissue. Equations 1 and 2 implicitly assume that the concentrations of the test material are equal in the glia and neurons of the system. The transfer constants K and k are defined differ ently and have different units. K (upper case) has units of volume per unit mass of tissue per unit time, whereas the k's (lower case) have units of reciprocal time. The upper-case K is defined such that K times the concentration of test substance in the region from which transport occurs is equal to the flux out of the region (e.g., Eq. I). The lower case k is de fined such that k times the amount of test substance in the region fr om which transport occurs is equal to the flux out of the region (e.g., Eq. 1). Thus, the difference between K and k involves the volume of the region fr om which transport occurs per unit mass of tissue, so that K = Vk. Figure 1B is a special case of Figure 1A . Let A br be the amount of test material in the extravas cular compartment(s) of the brain per unit mass of tissue at time, t, and, thus,
If backflux (brain to blood) is much smaller than influx (blood to brain) during the experimental pe riod such that is similar to the one developed by Ohno et al. (1978) .
Model II
A more general transport model for unidirec tional blood-to-brain flux, which includes the pos sibility for rapidly reversible compartments be tween and/or in parallel to the plasma and brain ECF, is presented in the preceding article (Patlak et aI., 1983) . The rapidly reversible compartments in series between plasma and brain ECF form the "BBB complex" in this model. When a test sub stance moves unidirectionally from plasma into brain tissue and the experimental time is long enough, it was shown in that study that the fo llow ing relationship holds:
where Am is the total amount of test substance that is actually measured per unit mass of brain tissue at time t, Cpt is the concentration of the test substance in the plasma at time t, Kj is the steady-state rate of unidirectional solute flux from a constant plasma concentration across the BBB complex into the brain divided by the plasma concentration, and Vj is the fu nctional distribution volume of the test sub stance that rapidly and reversibly exchanges with plasma. Kj can be determined from experimental data under conditions of changing plasma concen trations using Eq. 6 and graphical analysis (Patlak et aI., 1983) . Equation 6 is a generalized form of the relationship developed by Bradbury and Kleeman (1967) and has been used by Banos et al. (1973) , Sarna et al. (1977) and Gj edde (1981) to determine transfer constants equivalent to Kj • Vj is equal to or less than the steady-state distribution volume of the rapidly exchanging compartments (which include the vascular compartment, the BBB complex, and compartments in parallel with the BBB), which in turn is equal to or less than the equilibrium distribu tion volume of all the rapidly exchanging compart ments per unit mass of brain tissue (Patlak et aI., 1983) . 
Comparison of models I and II
Only certain experimental measurements can be made during in vivo studies of blood -brain transfer. They include the concentration of test solute in blood or plasma, the volume of blood and/or plasma per unit mass of tissue (frequently determined by reference markers other than the test substance), and the total amount of test material per unit mass of tissue in a given region. Given these technical limitations of measurement, certain assumptions about the blood-brain transfer process must be made in order to obtain useful transfer numbers. For the studies reported here, two different trans port models are used to evaluate the experimental data. Both models assume that flux across the BBB or BBB complex is effectively unidirectional (blood to brain) and that all the parameters of the systems are constant with respect to time and concentration. Model I is a simple two-compartment model (Fig. lB and Eq. 5) . Model II is more complex and as sumes there can be many reversible compartments that rapidly exchange with plasma (Patlak et aI., 1983) . Thus, the assumptions of Model II are less specific than those of Model l. For example, Model I requires that all solute on the "blood side" of the BBB be within the intravascular compartment. In contrast, Model II allows for extravascular com partments that rapidly exchange with the blood; these compartments may or may not be part of the BBB complex.
The BBB in both models is fu nctionally equiva lent to the interface(s) across which transport is es sentially unidirectional. Effective unidirectional flux, blood to brain, does not necessarily have to be a characteristic of the BBB, but may reflect very low ECF solute concentrations (in comparison to plasma) during the experiment due to effective "trapping" of the test solute after its entry into the ECF. In Model I, the BBB is a single interface be tween blood and brain (Fig. lB) . In Model II, the BBB does not have to be a single membrane or interface ; it can include a number of compartments, which are fu nctionally in series between blood (plasma) and brain (ECF), that represent a BBB complex, e.g., the luminal and abluminal mem branes of the endothelial cell.
Both models yield operational transfer constants for unidirectional blood-to-brain flux. Model I can be used to calculate a transfer constant from tissue uptake data obtained at a single time, whereas Model II requires multiple-time uptake data to yield a single transfer constant (Patlak et aI., 1983) . The relationship between these two transfer numbers (K 1 and Kj, respectively) is given later (Eq. 22; Dis cussion).
BLOOD -BRAIN TRA NSPORT OF AlB
II
ME THODS
Isotopically labeled compounds
The isotopically labeled compounds studied were a aminoisobutyric acid [l_14C] (40-60 mCi/mM), N methyl-a-aminoisobutyric acid [1-14C] (40-60 mCi/mM), and sucrose [PH] (2-10 mCi/mM) from New England Nuclear (Boston); radioiodinated (1251 or 1311) human serum albumin (100 /-LCi/ml and 250 /-LCi/ml, respectively, from Mallinckrodt Inc. (St. Louis, MO); and diethylene triaminepentaacetic acid (DTPA) chelated to 57CO (> 5 Cilmg) supplied by New England Nuclear. Red blood cells were labeled with slCr (200-500 Cilg) obtained as sodium chromate from New England Nuclear.
The isotopic purity of 14C-AIB and 14C-MeAIB was checked by chromatography in two solvent systems and found to be >99% for both compounds. The 3H-sucrose and 14C-AIB used in the ventriculocisternal perfusion ex periments were checked for purity by determining their diffusion constants in 2% agar-saline gel at 37°C (Levin et aI., 1970; Fenstermacher and Davson, 1982) and were free of radioactive contaminants. Prior to intravenous administration, the 1251 and 1311-RISA were purified by combining 100 mg of a mixed-bed resin (Biorad Ag 501-x8(D); 20-50 mesh) and 1 ml of the RISA solution, and incubating the mixture with gentle agitation for 1 h at room temperature. The purity of isotopic RISA in the resulting solution was checked by perchloric acid pre cipitation and was >99%. The isotopic labeling of DTPA was accomplished by adding 57CO to a DTPA-caicium solution (10-2 M; pH 7.0) at room temperature 1 h prior to administration. DTPA-caicium and DTPA-cobalt sta bility constants (log K) are 10.6 and 19.0, respectively. To produce labeled red cells, 10-20 ml of pooled rat RBCs were washed twice with 20-30 ml of a saline -sodium phosphate solution (10 mM; pH 7.0), packed and com bined with 1.0-2.0 ml of the stock tracer sodium chro mate (SICr) solution (pH 8.0). The RBC-chromate sus pension was incubated at 37"C with gentle agitation for 30 min and washed three or four times with a second saline-sodium phosphate solution (10 mM; pH 7.4). The slCr-labeled red cells (SICr-RBC) were stored at 4°C until used; the duration of storage was less than 6 h. Plasma 51Cr activity was <2% of that in whole blood at the end of the experiments.
Isotope detection
All tissue and fluid samples were placed in preweighed counting vials and reweighed to determine their weights. Sample solubilization was accomplished by adding 1.0 ml of an alkaline tissue solubilizer (NCS; Amersham Corp., Arlington Heights, IL) to each vial and slowly shaking the vials in a Dubnoff incubator at 45-50°C until digestion was completed. Whole blood samples were decolorized with benzoyl peroxide (0.2 ml of a 4% suspension in tol uene per counting vial) prior to beta counting. A scintil lation fluid (RPI scintillator; Research Products Interna tional Corp., Elk Grove Village, IL) composed of 2,5diphenyl oxazole (PPO) and 1,4-di[2-(5-phenyl oxazolyl)] benzene (PO POP) in toluene was added to all sample vials in preparation for either single-label (14C) or double-label caR and 14C) radioactivity measurements.
HC and 3 H counting was performed by either a Packard 3375 or Beckman LS-350 beta spectrometer. Individual sample quenching was monitored by means of the exter nal standard counting procedure. All sample counts were appropriately corrected for background and quenching. For samples which contained both 1311 and 14C, the 1 3 11 activity was measured first in a Packard 5385 gamma spectrometer immediately after concluding the experi ment. The sample vials were subsequently stored in a cold room for more than 90 days (at least II half-lives) to permit the 1 3 11 to decay. Residual 1 3 11-gamma activity was determined to be negligible before adding the liquid scin tillation fluid and performing 14C counting.
MUltiple gamma isotope studies were performed in rats with sICr-RBC, 57Co-DTPA, and 1251-RISA. The activity of each isotope was determined by counting in the three channel Packard 5385 gamma spectrometer. Isotope sep aration was achieved by standard narrow channel peak analysis with appropriate spectral scatter correction, which was not greater than 10% of the peak channel count rate.
The autoradiographic study of 14C-AIB distribution within brain tissue of the rhesus monkey involved a l-cc bolus intravenous injection of 14C-AIB (250 /-LCi/kg), serial arterial blood (plasma) sampling, and decapitation after 30 min with rapid freezing of the head in liquid freon at -40°C. Serial sectioning of the monkey heads was per formed in an LKB-PMV 450 MP cryomicrotome at -20°C; the section thickness was 30 /-Lm. The cut sections were rapidly dried, mounted on pressed cardboard, and placed in cassettes along with 14C-methyl methacrylate au toradiographic standards and Kodak SB-5 X-ray film for 6 weeks, as previously described (Reivich et aI., 1969; Tanaka et aI., 1975) .
Animals and initial preparations
Sprague-Dawley rats (n =' 140), weighing 350 to 450 g, were obtained from Taconic Farms, Germantown, New York. Rhesus monkeys (Macca mulatta) (n = 63), weighing 2.5 to 4 kg, were obtained from National Insti tutes of Health stock. The animals were studied under light pentobarbital anesthesia and allowed to breathe spontaneously; an initial intraperitoneal injection of 40 and 25 mg pentobarbital/kg was administered to rats and monkeys, respectively. Additional small doses of pen tobarbital were administered intravenously as required. Femoral artery and vein catheters were placed to monitor arterial blood pressure and administer isotopic solutions by bolus injection or infusion; an arteriovenous shunt was formed with an in-line three-way stopcock for collecting arterial blood samples. Animal temperatures were moni tored with a rectal temperature probe and external heat lamps were utilized to maintain body temperature at 35-37°C. During the longer-duration experiments, fresh pooled plasma was sometimes given to maintain systolic blood pressure above 80 mm Hg in the rat experiments; blood pressure support was not required in the monkey experiments. Ventriculocisternal perfusion studies in rhesus monkeys were performed as previously described (Fenstermacher, 1972; Biasberg et aI., 1975; Patlak and Fenstermacher, 1975) .
Measurement of Kio Vi' and K 1
Kj and Vi for 14C_AIB, 14C-MeAIB, and 57Co-DTPA were determined from data obtained from a series of ani mals in which the experimental times were varied from 1 to 270 min and analyzed by Eq. 6. Rats were given a I-cc intravenous bolus injection of a neutral (pH 7.0-7.6) saline solution containing approximately 10 /-LCi of radiochemical. Serial arterial blood samples (100-150 /-LI R. G. BLASBERG E1' AL.
per sample) were drawn and rapidly centrifuged; sub sequently, 20 or 30 J.d of plasma was pipetted into count ing vials. Frequent blood samples were drawn early in the experimental time course (usually at 0.25, 0. 5, 1, 1. 5, 2, 4, 6, and 10 min), since plasma levels changed rapidly during this period. Subsequently, plasma concentrations changed more slowly and longer sampling intervals were employed (usually at 15, 30, 60, 90, 120, 180, 240, and 270 min) . The experiments which incorporated a plasma space marker (RISA) involved the injection of 50-100 jlCi of the marker in 0. 5 cc saline 5 min prior to the end of the experiment. Samples were taken each minute during the last 3 min to ensure constant blood and/or plasma levels. The animals were decapitated at the end of the experiment, the brain and other organs rapidly removed, and specific regions dissected free and placed in pre weighed counting vials, which were reweighed to obtain wet tissue weight. Radioactivity of the plasma and tissue samples were determined as previously described.
The data from all experiments with each labeled com pound were plotted as Am/Cpt versus I<\Cp(T)dT/Cpt. Esti mates of Kj and Vj were determined from the slope and ordinate intercept, respectively, using a least-squares fit of all the data points on the linear portion of the curve (Eq. 6).
Evaluations of K I were made with data obtained from the rhesus monkey experiments and Eq. 5. Plasma levels of 14C-AIB were maintained constant over 4 h by a vari able intravenous infusion that was determined by the method of Patlak and Pettigrew (1976) to gauge a tissue distribution volume (V d) as well as K I' Arterial plasma concentrations were serially measured, as described above. The maximum deviat I on from the average plasma value was <20%. Approximately 500 jlCi of 13II-RISA was intravenously injected before the end of the experi ment, and arterial plasma concentrations of 1 3 II-RISA were determined 1, 2, 5, and 10 min before termination of the experiment to assess the constancy of lall-activity in the plasma.
To calculate K 1 from these data, the amount of test substance present in the tissue, Am, must be corrected for that part which has not actually left the vascular com partment and crossed the BBB. This corrected brain value, A b" is calculated from Am by the following:
where V v is the functional vascular volume of the test substance (in this case, AlB) per unit mass of brain tissue and Cpt is the concentration of the test substance in the final plasma sample. For processing the AlB data from these constant plasma concentration experiments, V v was assumed to be equal to the plasma volume V p' Using the values of Am and Cpt obtained with the RISA data in each brain region for each experiment, V p was estimated by the following relationship: 
where Cp is the mean value of Cpo
Distribution volumes
The plasma and red cell volumes of various central ner vous system (CNS) regions were determined from short- 1983 time experiments in rats. In addition, the experimental data with C,7Co-DTPA from the short-time experiments were analyzed by Eq. 8 and compared to that obtained with RISA. Separate intravenous injections of 57CO_ DTPA plus 1251-RISA and 5ICr-RBC were made in rapid sequence (within 5-10 s) in each animal of this group. Arterial blood and plasma samples were obtained throughout the experimental period. The rats were de capitated at either 0. 5, 1.0, or 3 min after tracer adminis tration, and CNS tissue samples were obtained. These tissue, blood, and plasma si,j)l1ples were assayed for 57CO, 12"1, and 51Cr radioactivity . .
Tissue vascular volume, tissue hematocrit (THct), and the systemic arterial hematocrit (AHct) were esti mated from these radioactivity data in the following way. Tissue plasma volume was calculated from the 57CO_ DTPA and 12 5 I-RISA data and Eq. 8. The tissue red cell volume (V rb .,) was estimated from the 5ICr-RBC data by (10) where A;:; and Ctbc are the activities of 51Cr in a unit mass of brain and a unit volume of RBC at the end of the experiment. The hematocrit of the blood remaining in the tissue after decapitation and dissection (THct) was cal culated by
The AHct was also calculated from the plasma and blood activities of 125I-RISA by (12) where Ch is the activity of the test substance in a unit volume of whole blood obtained from a systemic artery at the termination of the experiment. In addition, the sys temic arterial hematocrit (Hct) was determined by cen trifugation in the customary manner. AHct and Hct were compared to ensure exclusion of the radioactive tracers from uptake by and/or binding to RBC during the experi ment.
The activity of a test substance within a unit volume of RBC (ChC) at the conclusion of the experiment is given by
The functional tissue vascular volume, V Yo of the test sub stance was calculated by
The graphically derived volume Vi provides a lower estimate of the tissue distribution volume of the test sub stance that rapidly and reversibly exchanges with the plasma. The apparent "extravascular" component of Vi (namely, the part of Vi which cannot be accounted for by the plasma and red cell distribution), V" was calcu lated by (15) Finally, the data from constant plasma level experi ments in the rhesus monkey were used to estimate the nonvascular or parenchymal distribution volume, Vd, for I4C-AIB at time t. The latter volume was calculated from (16) where Abr and Cp were obtained from the 14C-AlB and 1311-RlSA data plus Eqs. 7 and 8.
Estimation of k2
Ventriculocisternal perfusions of the rhesus monkey were performed with 14C-AIB and 3 H-sucrose for periods ranging from 30 to 360 min. At the conclusion of the ex perimental period, the animals were killed, and the radioactivity within serial sections of caudate nucleus and periventricular corpus callosum (between the genu and splenium) was assayed as previously described (Fenster macher, 1972; Blasberg et. aI., 1975; Patlak and Fenster macher, 1975) . The resulting data can be processed in two different ways, which involve two different transport models, to yield two separate sets of transfer numbers Fenstermacher and Davson, 1982) .
For the first of these models, the ventriculocisternally perfused solute is assumed to freely pass across the epen dyma and diffuse through the brain's ECF with virtually no uptake by brain cells or binding by extracellular con stituents, and with neglible movement across brain capil laries into the circulation-this is the simple extracellular diffusion model. If the geometry of the system is func tionally rectangular and if there is no bulk flow of ECF in the x direction from either brain to ventricular fluid (cere brospinal fluid) or vice versa, then the partial differential equation for solute transfer in this system is (17) where Cx is the concentration of the solute in the ECF at a particular point in the brain, Dt is the apparent diffusion coefficient of the solute in the brain, and X is the distance from the ventricular surface to that point in the brain.
Utilizing the appropriate boundary conditions, Eq. 17 can be solved to produce (18) where Co is the concentration at the ventricular surface of the brain (the X = 0 point) and erfc is the complementary error function. According to Eq. 18, plotting Cx/Co versus X on inverse complementary error function (erfel) paper yields a straight line if the data fit the simple diffusion model, and Dt can be evaluated from the slope of this line . Moreover, neither Dt nor Co will vary with time if this model and the data are in accord. This analysis need not be restricted to solutes that remain within the ECS; it can be applied to compounds that enter cells so long as there is a relatively rapid equili bration across the cell membrane. Erfel graphs of the 3H-sucrose and t4C-AIB data were constructed, and the linearity of the plots as well as the values of Dt and Co were determined. Finally, an erfel space was calculated by the following equation:
where Cm is the mean concentration of the solute in the ventriculocisternal perfusate.
The second model of the system allows not only ex tracellular diffusion but also appreciable cellular uptake, extracellular binding, and transcapillary loss. However, it assumes that after some finite period of time there is no further net cellular uptake, extracellular binding, nor ex tracellular accumulation by diffusion, and that the diffu sional entry of solute from the ventricular fluid is exactly matched by trans capillary loss from the parenchymal ECF to the blood. This is the steady-state, transcapillary loss model, with which a brain-to-blood transfer or efflux rate constant, k2' can be determined from the appropriate experimental data. If the concentration of the test solute in the blood is essentially zero and a tissue steady state exists, then the equation for transfer in this system is (20) where A x is the amount of solute radioactivity per unit mass of brain at X, and Ao is the value of A x at the point where X = 0 Fenster macher and Davson, 1982) .
According to this distribution model (Eq. 20), a semilogarithmic graphing of Ax versus X yields a linear plot of slope -(k2IDI) 1 / 2 if a tissue steady state has been reached. The values of k2 and Ao (the ordinate intercept) can be determined from such a plot if Dt is known or can be approximated from the solute's diffusion coefficient in water (Dw)' Furthermore, this model predicts that k2 and A 0 will be constant over time once the steady state has been reached; this provides a check of the agreement between the experimental findings and the steady-state, transcapillary-loss model. An apparent distribution space in the tissue can also be derived from the data and the following relationship:
Semilog graphs of the 14C-AIB data from the ven triculocisternal perfusion experiments were made, and the transfer constants k2 and An were assessed. For the calculation of k2, the DI of AlB was assumed to be equal to 4. 4 x 10-6 cm 2 s I for the caudate nucleus tissue series (DI = 0.4 D" for rhesus monkey; Blasberg et aI., 1975) and 3.7 X 10" cm" s -I for the peri ventricular corpus callosum series (Dt = 0.34 Dw for rhesus monkey; Blas berg et aI., unpublished observations). The value of D" at 37°C for AIB was taken to be 11 x 10-6 cm 2 S-I ; a value of 10.6 ± .4 x 10-6 cm" S-I (mean ± SEM; n = 13) was measured by the agar diffusion studies described earlier in Methods, and corresponds to the value measured by Fenstermacher and Davson (1982) .
Determination of ka and k4
The time constants for 14C-AIB flux across the neuronal and glial cell membranes of brain tissue, k 3 and k 4 ( Fig. 1) , were determined from studies involving the incubation of mouse brain slices in a 14C-AIB-containing medium (Blasberg and Lajtha, 1965) and the ventriculocisternal perfusion of a 14C-AlB-and 3 H-sucrose-containing solu tion in the rhesus monkey. Brain tissue uptake of 14C-AIB was measured at a variety of experimental times in each study. For the ventriculocisternal perfusions, only AlB data from experiments that produced linear erfel plots and appropriate erfe I spaces of the 3 H-sucrose results were considered acceptable for k 3 and k 4 analysis. Em pirical observations of the acceptable AIB data demon strated a linear semilogarithmic relationship between Ax and X (but not a tissue steady state; see below). There fore, an apparentA(), which enlarged with increasing time, was determined by extrapolation back to zero distance.
The determination of k 3 and k 4 from the in vitro and in vivo experimental data required the following assump tions: (I) Ve and Vc are 0.53 and 0.27, respectively, for mouse brain slices (Cohen et aI., 1968) ,0.15 and 0.65, respectively, for monkey caudate nucleus (Bias berg et aI., 1975), and 0.11 and 0.59, respectively, for monkey corpus callosum (Bias berg et al., unpublished observa tions); (2) Ce was the same as the concentration of the incubation medium for the mouse brain slices or the ven triculocisternal perfusate (C m ) for the rhesus monkey; and
(3) the bidirectional exchange between the two compart ments Ve and Vc is described by Eq. 2. Ac can be calcu lated if Ce and Ve are known, and Ac can be calculated from the tissue/medium concentration ratio in the brain slice experiments or from An obtained by ventriculocis ternal perfusion experiments and knowledge of Ve, V", and Ce, and Eq. 3. The values of k 3 and k 4 for 1 4C-AIB transport across brain cell membranes can then be calcu lated from the relationship of brain cell uptake and ex perimental time, the above assumptions, and a least squares minimization routine.
RESULTS
Ki> Vi> and K l for AlB, MeAIB, and DTPA
The time courses of 1 4 C-AIB activity in plasma, trigeminal ganglion, and cerebral cortex of anes- 1983 thetized rats after a bolus intravenous injection are presented in Fig. 2 . Trigeminal ganglion radioactiv ity exceeded that of plasma within 30 min of 1 4 C AlB administration ; by 120 min, trigeminal ganglion activity was more than six times greater than that of plasma. Cerebral cortex activity remained below that of plasma during the 240 min following l 4C-AIB administration; the point of intersection was pro jected at approximately 300 min. The measured cortical radioactivity was also corrected for residual 1 4 C-AIB within the vascular compartment of the tis sue (Eg. 7) and a relatively smooth uptake curve was obtained (Fig. 2) .
The blood-to-brain distribution data of 14C-AIB in rat thalamus are plotted in Fig. 3 in the manner suggested by Eg. 6. Figure 3 .20
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slope of the line (Kj) is equal to 0.0018 ml g-l min-I; the ordinate intercept (V;) is 3.6 ml hg-l . Figure 3 (bottom) gives only the AlB data for the short-term (�30 min) experiments and shows that the 1-and 3-min experimental points fall below the regression line and that approximately 10 min was needed for AlB to achieve a steady state between blood and its rapidly exchangeable distribution volume . Esti mates of Kj and Vi for various brain regions fr om multiple-time/graphical analysis of the data ob tained with 14C-AIB are given in Table 1 . The time course of tissue and plasma activity following bolus intravenous administration of 14C MeAIB was also determined. The results were analyzed in the same manner as that described for 14C-AIB. The relationship Am/Cpt versus fbCp(T)dT/Cp t was linear between 10 and 270 min for 14C-MeAIB. The values of Ki and Vi obtained with (Tables 1 and 2) . Multiple-time/graphical analysis of blood-to-brain distribution data of the extracellular tracer com pound, 57Co-DTPA, in the anesthetized rat is pre sented in Fig. 4 . Estimates of Ki and Vi fr om the slope and ordinate intercept, respectively, are listed in Table 3 for different brain regions . These values were obtained from an analysis of the 10-to 180-min experiments only; the 270-min experiments resulted in a fairly wide scatter of data points , the average of which tended to fall slightly below the line extrapo lated fr om a least-squares linear fit of the 10-180min experimental data for most brain regions ex amined. A wide scatter of data points was not ob served in thalamus (Fig. 4) . The Ki values with DTPA are nearly two orders of magnitude smaller than those with AlB and MeAIB, and the values of Vi with DTPA are 13-65% of those with AIB and MeAIB for all brain regions (Tables 1-3) . The val ues of Vi (intercepts) with DTPA compared to those with AIB and MeAIB were significantly different at the p < 0.05 level (Bonferroni t statistics) for all brain regions except subcortex (Tables 2 and 3 ) and cervical spinal cord (Tables 1, 2, and 3) . Table 4 presents values of K 1 for various brain regions and neural tissue in the rhesus monkey as determined with data fr om 4-h constant plasma level experiments with 14C-AIB and Eqs. 7-9. In addition, the 1311-RISA or plasma space (Eq. 8) and 14C-AIB tissue space (Eq. 16) fr om which the K l values were calculated are listed for these same tis sues in this table . The K l values of AIB in the mon key were always lower than the Ki values of AIB measured for the same brain regions of the rat (Table 1 ) . The relatively low values of the 4-h dis tribution spaces of AIB «25 ml hg-1) for the vari ous brain regions suggest that brain cells were still accumulating AIB at 4 h and that there was very little backflux of AIB fr om the brain parenchyma during this entire time .
A typical autoradiogram of 14C-AIB distribution in the rhesus monkey brain is presented in Fig. 5 . Several distinct brain regions can be identified. The differences in optical density of the autoradio graphic image reflect differences in 14C radioactivity, namely, the amount of AlB within the tissue.
Tissue vascular volumes
The tissue distribution volumes of 51Cr_ RBC, 1 2 5J -RISA, and 57Co-DTPA were measured simulta neously in the rat in a separate group of experi ments. Figure 6 presents estimates of Vrbc (Eq. 10) and Vp (Eq. 8) found at 0.5, 1.0, and 3.0 min for the rat cortex; the DTPA distribution volumes plotted in this figure were calculated fr om the 57Co-DTPA data and Eq. 8. The red cell and RISA plasma vol umes were constant from 0.5 to 3.0 min, whereas the 57CO_ DTPA di stribution volumes increased slightly during this period for all the sampled brain regions. A least-squares extrapolation through these data to the ordinate (t = 0) yielded a space value with DTPA that was slightly higher than that with RISA for all brain regions. Figure 7 shows the distribution volumes for 51Cr-RBC, 1 2 51-RISA , and 57Co-DTPA found in seven CNS regions. The dif ference between the RISA and DTPA volumes, al though small , was significant (p < 0.05, tested by an appropriate Student's t statistic) for all brain regions except subcortex, caudate nucleus, and thalamus.
The hematocrit of blood remaining within the vascular compartment of the tissue after decapita tion and dissection was calculated fr om the pre ceding 51Cr-RBC and 1 2 5J-RISA data and Eq. 11. The THct was similar in most brain regions and ranged from 34 to 37% . The THct was approxi- mately two-thirds of the conventionally (Rct) and isotopically measured systemic arterial hematocrits (ARct) (48 .5 ± 0.5 and 49 .1 ± 0.7, respectively) observed in these animals. The vascular and extravascular components of Vi for 14C-AIB and 14C-MeAIB in various brain regions were calculated by Eqs. 14 and 15, respectively, and are shown in Fig. 8 . A significant extravascular component of Vi was found for both amino acids in all the brain regions studied. The AIB and MeAIB values of V r were largest for those regions contain ing a pia-glial surface (cortex, cerebellum, pons- .02
.01 ,
Thalamus Cerebellum Ponsmedulla, and spinal cord) and were at least two to three times greater than V v in all other brain re gions.
Estimation of k 2
In an attempt to ascertain k 2 for ALB, ventriculo cisternal perfusions were perfo rmed in the rhesus monkey, and erfcl and semilog plots were made of the data. Erfc-l graphs of the :lH-sucrose data were linear, whereas those of 1 4 C-AIB were curvi linear and, therefore, will not be presented. A semi log graph of the 1 4 C_ ALB data from five experiments of differing durations (30, 60, 120, 240, and 360 min) is shown in Fig. 9 . The plots of relative l 4 C-AIB radioactivity in the caudate nucleus (A xlA o) versus the distance from the perfused surface (x) were linear for each experiment; however, the slopes of the plotted data fr om individual experiments increased (became less negative) with longer-dura tion ventriculocisternal perfusions. In other words, the data points from separate ventriculocisternal perfusions run over different experimental time periods did not overlap, and, thus, a tissue steady state was not obtained with ALB even after 4 h of perfusion. Because of the linearity of the semilog plots, an apparent k 2 for each experiment was cal culated fr om the slope of the regression line and Eg. 20. Figure 10 is a graph of these k 2 estimates for the caudate nucleus versus the duration of per fu sion. A similar analysis was perfo rmed with the 14 and 15 ) of 14C-AIB and 14C-MeAIB in various tissues dis sected from rat brain after decapitation and extraction. The values of V, with 14C-AIB are shown by the left bar and were essentially the same as those determined with 14C-MeAIB; the equilibration spaces of these two amino acids within red blood cells in vivo were 0.76 ± 0.06 and 0.80 ± 0. 11 ml g-1, respectively. V, for 14C-AIB and 14C-MeAIB are shown by the middle and right bars, respectively. Each value represents the mean ± SEM; n = 27 and 11 for 14C-AIB and 14C-MeAIB, respec tively.
data fr om periventricular corpus callosum and the results are included in Fig. 10 . This figure shows that the k 2 estimates of ALB in both caudate nucleus and corpus callosum decreased with increasing per fu sion time and that no tissue steady state was reached. These apparent values of k 2 are overesti mations of the actual values. The curves in Fig. 10 indicate that k 2 is <0.062 min-l for caudate nucleus and <0.028 min -) for periventricular corpus callosum.
Cellular transfer constants
The AoiC ill ratios of 1 4 C-AIB (Eg. 21) for the cau date nucleus and periventricular corpus callosum versus the duration of ventriculocisternal perfusion are shown in Fig. 11 . Both brain tissue regions achieved higher levels of radioactivity than the perfusate by 60 min. The periventricular corpus callosum reached plateau levels by 120-180 min, whereas the caudate nucleus continued to take up and concentrate 1 4 C-AIB from the ventricular fluid for 360 min . Tissue uptake was greater by the cau date nucleus than by the corpus callosum. The val ues of k 3 and k 4 were calculated fr om the data in Fig.  11 , as discussed in Methods, and are listed in Table  5 . In addition, estimates of k 3 and k 4 were derived in the same manner fr om caudate nucleus and peri ventricular corpus callosum data from high concentration (3 mM AlB) ventriculocisternal per fu sion experiments, and are also given in Table 5 .
The uptake of 1 4 C-AIB (given as the tissue/ medium concentration ratio) by slices of mouse cerebrum in vitro versus incubation time is shown in Fig. 12 . The 1 4 C radioactivity reached considerably higher levels in brain tissue than in the medium. The tissue/medium ratio approached a plateau value that was greater than 15 by 150 min. The 1 4 C-AIB influx and efflux constants across brain cell membranes were determined from the data in Fig. 12 , as dis cussed in Methods, and are presented in Table 6 for two different media concentrations. The influx con stant k 3 is clearly larger than k 4 for the mouse cere brum in vitro (Table 6 ) as well as for the monkey caudate nucleus and corpus callosum in vivo (Table  5 ). The efflux constant k 4 was similar in different brain tissue regions (Table 5 ) and for both species (Tables 5 and 6) , and was relatively independent of the medium, perfusate, and intracellular concentra tions.
DISCUSSION
This study presents new experimental findings on the blood-brain distribution of AIB and its trans port analogue MeAIB. The experimental data were analyzed in several different ways to determine the rate constants for first-order transport across the BBB and cellular membranes (Fig. lA) . The fol lowing discussion will fo cus on each of the transport steps separately (blood-to-brain, brain-to-blood, and cellular influx-efflux), assess the importance of accurately determining the vascular distribution volume of the test solute, and demonstrate the ap plication of quantitative autoradiographic tech niques for regional transport studies with AIB.
Blood-to-brain transfer constant
Single-time measurements . Two different ways of processing brain uptake data are presented and Ventriculocisternal perfu sion studies were performed; the perfusate contained 0. 1 mM AlB. Uptake is ex pressed as a tissue-to-perfusate concen tration ratio (mmol/g tissue -7 mmol/ml perfusate) and was determined from the ordinate intercept of semilogarithmic plots of the experimental data ( Fig. 9 and Eq. 21). Each point represents the results from a single animal experiment. Time course of 14e-AIB uptake by mouse brain slices in vitro. The initial incubation medium concentration was 2 mM and tissue uptake is expressed as a tissue-to-medium concentration ratio (mmol/ml tissue water 7 mmol/ml medium) ; the data were taken from Blasberg and Lajtha (1965) .
used in this paper; this approach has also been used by Gj edde (1981) . One approach involves single time measurements, calculates a K 1 fr om the ex perimental data using Eq. 5 or 9 and the transport model in Figure IB (Model l) , and involves a rela tively small number of experimental animals. This approach requires that blood -brain exchange of the test substance is unidirectional (blood to brain) during the experimental period. For the case in which blood -brain exchange is not unidirectional and significant backflux occurs, the calculated K 1 will be less than the actual blood-to-brain transfer constant . In addition, this approach requires that the amount of solute within the vascular and the rapidly reversible extravascular compartments (A v and A" respectively) be small relative to the amount of solute measured in the tissue, Am. For the case in which the amount of solute on the blood side of the BBB is large relative to that on the brain side and the appropriate correction of Am is not made, the calculat ed K 1 will be greater than the actual blood-to-brain transfer constant . Correction of Am for intravascular solute is rela tively simple (Eq. 7) , but requires the use of a vas cular reference substance in each experiment or knowledge of the fu nctional vascular volume Vv (Eq. 14) . Employment of the single-time experi- and 7 ) . An intravascular correction (Eq. 7) was applied to experimental data obtained fr om 1-to 240-min ex periments in the rat with AlB. The K 1 values calcu lated fr om this data by Eqs. 5 and 7 are presented for thalamus in Fig. 13 ; K 1 versus the experimental time is plotted graphically in this figure . From 1 to 10 min there is a steep drop in K 1 , and a large error results fr om the application of single-time experimental analysis to estimate Ki during this period. On the other hand, fr om 30 min on, the value of K 1 remains fairly constant and is nearly identical to Ki (2 X 10 -3 [ Fig. 12J vs. 1.8 x 10-3 ml g-l min-1 [ Table IJ , re spectively) . Similar K 1 versus experimental-time relationships were observed fo r both AlB and Me AlB in all brain regions .
These observations illustrate some of the errors produced by single-time experiments and K 1 deter minations to estimate Ki for all solutes. For sub stances that have a significant extravascular dis tribution space that rapidly exchanges with plas rna-namely, Vr-the only acceptable vascular space marker is the substance itself. In a somewhat different context, this was recognized in the study of Go and Pratt (1975) and later by Ohno et al . (1978) , who applied an iterative procedure to esti mate the vascular component or the amount of test substance that rapidly equilibrates with the blood. In the fo rmer study, two different isotopic forms of the same compound were used in each experiment; in the latter study, single-isotope experiments were performed in two sets of animals. In both studies, two different experimental times were used-a shorter one to estimate the blood component and a longer one fr om which K could be estimated. How-R. G. BLA SBERG ET AL ever, if the period for equilibration of the test molecule with Vy and/or Vr is 10 min or more, as appears to be the case for AlB (Fig. 3, bottom) , a "short" experimental time of 1 and 5 min for the Go and Pratt (1975) and Ohno et al. (1978) methods, respectively, will be insufficient, and the K calcu lated fr om these data will overestimate the actual steady-state value.
Very short (20 s) single-time experiments and an intravenous bolus administration technique (Gjedde and Rasmussen, 1980) have been used to determine K l for different saccharides (Gjedde, 1981) . How ever, reliable values of K 1 calculated from 20s ex perimental data require that the flux across the BBB be very rapid ; otherwise most of the test solute will remain within the vascular compartment and must be subtracted. A plasma space marker, lllIn-trans ferrin, was used by Gj edde (1981) to correct his measured tissue activities for the activity remaining in the vascular compartment.
Graphical analysis . The second and optimal ap proach to determine unidirectional blood-to-brain transfer constants, symbolized herein by Kb re quires many animal s, a fairly wide range of experi mental times, and graphical analysis of the resultant data (Model II; Patlak et aI., 1983) . Alternatively, multiple measurements could be performed over time in the same subject by using an external detec tion system.
Two major advantages result fr om the use of the multiple-time/graphical method for analyzing the experimental data and determination of Kj• First, the period of truly unidirectional blood-to-brain flux is readily determined fr om the linear portion of the plot of the experimentally derived data points (A m/ C P t vs.II\Cp(T)dT/Cpt), and Kj is given by the slope of the linear phase of the plot during this period (Eq. 6 and Fig. 3 ). This advantage was recognized by Gj edde (1981) ; he used graphical analysis of multiple-time uptake data to determine the period during which bloodbrain transport was essentially unidirectional, as well as Kj for different saccha rides. Secondly, a vascular space measurement is unnecessary and the magnitude of Vr is essentially irrelevant with respect to the accurate determina tion of Kj• With this method of data analysis, the test substance serves as its own "reference" for both Vv and V" namely, Vj (Eq. 15). Vj approxi mates (equal to or less than) the distribution space of the test substance that rapidly and reversibly ex changes with the plasma and is given by the ordi nate intercept of the graphical analysis. Gj edde (1981) effe ct on the magnitude of the j&Cp(T)dT/Cp! ratio and could affect the fo rm of the graphical plot of the data obtained from longer experiments. The very high numerical values of fACp(T)dT/Cp! with DTPA ( Fig. 4) , in comparison with those with AlB ( Fig. 3) and Me AlB over similar experimental time periods, are due to the rapid plasma clearance of DTP A by the kidney (Stevens et aI ., 1962) . Plas ma DTPA concentration after bolus intravenous administra tion falls more rapidly than that of the two amino acids. By 270 min , the Cp (270 min)/Cp (15 s) ratio in several experiments with DTPA was <0.0011, whereas the Cp (240 min)/Cp (15 s) ratio with AlB was 0.045 (Fig. 2) . The arterial plasma concentration-time course also affe cts the magnitude of the Am/Cpt ratio. For DTP A, the equilibrium brain tissue distribution vol ume approximates the ECS or Ve (Blasberg et aI., unpublished observations), but Am/Cp! ratios greater than Ve (0.15 ml g-l ) were observed for the longer experiment with high IbC p(T)dT/Cp! values (Fig. 4,   top ). This does not necessarily indicate that 57CO DTPA binds to tissue or enters cells or an additional space during the 270-min experiments. A more likely explanation takes into account the continuous fall in plasma DTPA concentration over time and the low transfer constant of this compound across the BBB. At some time after bolus intravenous ad ministration of DTPA, the extracellular fluid con centration Ce will exceed Cpo This relationship will be established during longer-duration experiments. When Ce � Cp, Ce will decrease at a much slower rate than will Cp, due to the relatively low transfer constant (brain-to-blood) and rapid plasma clear ance of DTPA by the kidney (Stevens et aI., 1962) . Thus, the Am/Cpt ratio can become very large and exceed the equilibrium tissue/plasma distribution ratio. Significant backflux during the latter phase of the longer experiments will be detected in the graphical analysis of the experimental data by a curvature (concavity downward) of the Am/Cp! ver sus I&Cp(T)dT/Cp! relationship.
Comparison of K l and Kj • If the transport model illustrated in Figure 1B is inaccurate, but the trans port process is described by the model developed by Patlak et al. (1983) , K l calculated by Eqs. 5 and 7 will not equal the graphically determined value Kj (Eq. 6). Under these conditions, the relationship between K l and Kj may be obtained from Eqs. 5, 6, 7, and 15 :
The quantity K 1 is a good approximation of Kj when the second term on the righthand side of Eq. 22 is small relative to Kj • Obviously, when Vj = V y, Vr =
f/) Z 10 5 FIG. 13. Time course of the blood-to-brain transfer constant K, of 14e-AIB in rat thalamus calculated from the same data pre sented in Fig. 3 and Eq. 5. Each data point represents the mean ± SEM of at least six experiments.
� a:: Ohno et aI ., 1978; Oj edde and Rasmussen, 1980 ; Oj edde et aI ., 1980 ; Clark et aI ., 1982) . The above considerations are particularly im portant for studies of blood -brain transport in pathological tissue regions, such as brain tumors or brain abscesses, for which a highly reproducible animal model is difficult to achieve. Multiple mea surements over time in the same subject using ex ternal detectors would resolve this experimental dilemma. However, when single-time mea surements must be performed, the Cp/J6Cp(r)dr ratio can be minimized by bolus administration of the test substance.
Rela tionship to PS and FVf. The Ki that was de termined in these experiments is a quantitative es-timate of steady-state unidirectional blood-to-brain flux and is a function of capillary blood flow per unit mass of tissue (F), the effective fraction of the blood flowing through the capillaries that is involved in the blood -brain transfer process (V f) 1 , the perme ability of the BBB per unit area of membrane (P ), and the surface area of the BBB per unit weight of tissue (S ). The mathematical expression of this re lationship is as follows (Fenstermacher et aI ., 1981) :
which is similar to the one derived previously by Renkin (1959) and Crone (1963) for a simple capil lary model in which the capillary wall is considered in terms of a single uniform membrane . Equation 22 can be rearranged to yield the following:
When the K/FVf ratio is <0.1 (namely , when the transfer constant is < 10% of the effective volume flow of the source fluid within the capillaries) , Ki approximates PS with an error <6%. The values of F in the anesthetized rats used in the present study are 0.6-1.5 ml g-I min-I for gray matter and 0.3-0 .4 ml g-I min-I for white matter (Sakurada et aI ., 1978) . Since plasma is the portion of blood flowing through the capillaries that serves as the source fluid for blood-to-brain transfer of AlB , MeAIB, and DTPA, Vf for all of these solutes was taken to be 0.51 (1 -Hct; this study) . Accord-I VI is di mensionless (voVvol) and equivalent to Vc in Patlak and Fenstermacher (1975) and Fenstermacher et al. (1981) .
ingly , the lower limits of the flow-effective volume product (FVr) for the AlB , MeAIB, and DTPA studies in the anesthetized rat are about 0.3 ml g-I min-I for gray matter and 0.15 ml g I min-I for white matter. Therefore , Kj values <0.03 ml g-l min-I (gray) and 0.015 ml g-I min-I (white) ap proximate the PS product of the BBB for these sol utes in the anesthetized rat.
Blood-to-brain transfer constants, which are identical to the Kj used herein (Eq. 6) , can be de rived from the AlB data of Schain and Watanabe (1972) for the neonatal guinea pig. Similar estimates of Kj with AlB were made by Banos et aI. (1973) from their rat data. These Ki numbers are 1.0 and 2.3 x 10-3 ml g-I min-I, respectively, and agree well with those fo und in the current study for the rat and the monkey (Tables 1 and 4) . The Kj values with MeAIB (Table 2) were slightly smaller than the matching regional Kj values with AlB (Table 2) , ranging from 0.0003 (subcortex) to 0.0010 ml g-I min-I (cortex). These values are also good indi cators of the PS of the rat BBB with respect to this amino acid. Finally, the Kj or PS product of DTPA was very small , around 1-3 x 1O-5ml g-I min-I, for all brain regions (Table 3 ). This PS is much less than the PS of either EDT A (about 20 x 10-5 ml g-I min-I; Slbrensen, 1974; Sarna et aI. , 1977 ; Fenster macher and Rapoport , 1982) or sucrose (about 30 x 10-5 ml g-I min-I; Davson and Spaziani, 1959; Cameron et aI., 1969 ; Thompson, 1970 ; Ohno et aI., 1978; Fenstermacher and Rapoport , 1982) but is similar to the PS of tracer inulin (2-5 x 10-5 ml g-I min-I; Sisson and Oldendorf, 1971; Ohno et aI., 1978; Fenstermacher and Rapoport , 1982) .
Braintoblood transport
Our results from ventriculocisternal perfusion experiments with AlB do not confirm the sugges tions by Snodgrass et aI. (1969) , Murray and Cutler (1970) , Betz and Goldstein (1978) , and Bradbury (1979) of uphill, small neutral amino acid transfer between brain and blood. The symmetry of blood to-brain and brain-to-blood transport fluxes across the BBB can be examined using the transport model presented in Fig. 1 and an equation presented by Fenstermacher et aI. (1981) . If the fluxes are sym metrical , namely, if the transport process is not ac tive , then the following relationship holds: (25) where Vb is the brain volume (ml g-l ) involved in brain-to-blood transfer. Vb is equal to the extracel lular space (ECS) for all solutes except those that exchange very rapidly across brain cell membranes. For passive flux of AlB across the capillaries, in J Cereb Blood Flml' Me/ahol, Vo l, 3, No , /, /983 rhesus monkey caudate nucleus where K I equals 0.00058 ml g-I min-I (Table 4 ) and Vb is approxi mated by Ve (0.15 ml g-I; Blasberg et aI ., 1975) , an estimate of k2 by Eq. 25 yields 0.0039 min� l . Figure  9 suggests that the value of k2 is <0.06 min-I for caudate nucleus. A similar estimate of k2 for periventricular corpus callosum yields 0.0026 min-I. Figure 9 indicates that the value of k2 is <0.028 min-I for this brain region. The roughly 10-15-fold difference between the k2 estimates for passive exchange across the BBB calculated by Eq. 25 and the apparent values of k2 determined from the longest ventriculocisternal perfusion experi ments (Fig. 10 ) must be interpreted with caution.
The apparent k2 values determined from the semilogrithmic plots of the experimental data and Eq. 20 and presented in Fig. 10 are overestimates of their true values. This is so because the require ments of the steady-state transcapillary-Ioss model (Methods; Patlak and Fenstermacher, 1975) were not achieved during our ventriculocisternal perfu sion experiments with AlB ; namely , the tissue con centration profile did not reach a steady state during the periods of perfusion (the slopes of the tissue concentration profiles, log Ax/A o vs. X, increased during the 30to 360-min time period; Fig. 9 ). Therefore , rigorous application of the model and Eq. 20 is not acceptable. As a result of nonsteady state conditions , a net movement of AlB fr om per fu sate into the periventricular tissue (that was not balanced by an equal flux of AlB across the capil laries fr om brain to blood) occurred throughout even the longest experimental period, and the ap parent k2 values plotted in Fig. 10 are overestimates of their true values.
In contrast to the results presented here , some studies have indicated that amino acids are trans ported fr om brain extracellular fluid (ECF) to blood across the BBB. Toth (1961, 1962) re ported that leucine and lysine appeared to move fr om brain to blood against an opposing concentra tion gradient. On the basis of findings from their ventriculocisternal perfusion experiments, Snod grass et aI. (1969) and Murray and Cutler (1970) proposed that small neutral amino acids are rapidly cleared fr om brain tissue across the BBB. Betz and Goldstein (1978) showed that isolated cerebral capillaries can actively take up small neutral amino acids such as AlB and Me AlB and postulated that this transport system (the A system) mediates the uphill transfer of these amino acids fr om brain to blood. Bradbury (1979) , in his review of amino acid distribution between blood, brain, and CSF, em phasizes the very low concentrations of most amino acids (including the small neutral ones) in CSF rela-dve to plasma, and postulates that these compounds are actively moved from brain ECF to blood.
Few conclusions concerning that symmetry of AlB transport across the BBB can be drawn from our own data and the above studies. The apparent k 2 values in caudate nucleus and peri ventricular cor pus callosum obtained with AlB and 6-h ven triculocisternal perfusion experiments are upper limits of the true values. Our results demonstrate that efflux (brain to blood) will be less than 10-15 times the influx (blood to brain) when tracer con centration of AlB in plasma and brain ECF are the same , but the question of symmetry cannot be an swered with certainty.
Cellu lar transport
Estimates of the cellular transfer constants k 3 and k4 with AlB were made from in vitro uptake data with mouse brain slices (Blasberg and Lajtha, 1965) and fr om in vivo ventriculocisternal perfusion find ings with the monkey. The individual values of k 3 and k 4 , as well as the k 3 /k 4 ratio that can be calcu lated fr om these results (Tables 5 and 6) , are proba bly underestimates of the true values. This is likely for the in vitro studies because slices of mouse brain were nominally cut at 0.42-mm intervals (Blasberg and Lajtha, 1965) and the diffusion distances from the cut surfaces to the center of the slice may be sufficiently large to reduce the rate of tissue uptake (Lund-Andersen, 1979) , alter the uptake versus time curve (Fig. 12) , and, thereby, affe ct the esti mates of k 3 and k 4 ( Table 6 ). For the ventriculocis ternal perfusion studies, the ependymal membrane could restrict the fr ee diffusional exchange between ventricular fluid and subependymal ECF. This is likely to occur only during very rapid ECF clear ance of test molecules by the blood and/or rapid uptake by brain cells. If rapid cellular uptake of AlB did produce an ependymal permeability effe ct dur ing the in vivo experiments, the uptake versus time relationship will be altered ( Fig. 11 ) and the k 3 and k 4 values reported in Table 5 will be underestimates.
The calculated values of k 4 were remarkably sim ilar and suggest comparable efflux processes across brain cell membranes in these two animal species (Tables 5 and 6 ). Furthermore, the data in Tables 5  and 6 suggest that AlB efflux across brain cell membranes is a first-order process, since the k 4 val ues were independent of the perfusate or medium concentration and, therefore , of the intracellular AlB concentration. Direct comparisons of the dif fe rent tissue estimates of k 3 are not possible because of the differences in the diffusion distances and Ve in the two studies. However, the lower values of k 3 that were calculated fr om these experiments with higher concentrations of AlB in the incubation medium or perfusate are consistent with partially saturated, carrier-mediated transport and a half saturation transport constant (Km) of about 1.3 mM (Blasberg, 1968) .
A comparison of transfer constants across the BBB and cell membranes can be accomplished by knowledge of the ECF volume Ve and the relation ship K 3 = Vok :l as discussed previously. For caudate nucleus and corpus callosum in the rhesus monkey at tracer (Table 4 ) and O. I-mM (Table 5 ) AlB con centrations, the K 3 /K 1 ratios are 129 and 110, re spectively. A similar comparison between mouse brain slices (0.1 mM; Table 6 ) and the rat in vivo (Table 1 ) resulted in an average K 3 /Ki ratio of 265. These K 3 /K 1 ratios with AlB reflect not only the permeability of brain cells with respect to that of the BBB for this amino acid, but also the differences in surface area of brain and endothelial cells per unit mass of tissue-and possibly a diffusional compo nent in the ECF. Since the surface area of the cell membranes is much greater than that of the capil lary endothelium per unit mass of brain tissue, the transport rate of AlB across a unit area of the BBB is much closer to that across a unit area of brain cell membranes than the KiK) ratios imply.
Several published works indicate that brain cells take up and concentrate AlB. The tissue/medium ratios of AlB for in vitro brain slices in the steady state extend fr om 6: 1 to 20 : 1 (Blasberg and Lajtha, 1965 ; Smith, 1967 ; Battistin et aI., 1969 ; Blasberg et aI., 1970) . Hamberger (1971) fo und tissue/medium ratios of 3: 1 and 16: 1 for neuronal and glial cell sus pensions, respectively. In addition to neurons and glia, the cells of the non-neural tissues associated with the brain apparently have the ability to take up and concentrate AlB. The in vitro choroid plexus of the rabbit (Coben et aI., 1971) , cat , and bullfrog (Wright, 1972) generates steady-state tissue/medium ratios for AlB of about 3: 1 at tracer concentrations , whereas the in vitro arachnoid membrane of the bullfrog yields a steady-state tissue/medium ratio of 8: 1 with this amino acid (Wright, 1974) . Wright (1972) also mea sured the transchoroidal flows of AlB with a chamber-mounted bullfrog choroid plexus prepara tion and fo und that the two unidirectional fluxes (plasma to CSF and CSF to plasma) were equal, even though AlB was actively accumulated within the plexus tissue itself. In contrast, a similar inves tigation of the bullfrog arachnoid membrane by Wright (1974) demonstrated that the unidirectional transfer of glycine, a small neutral amino acid , from CSF to dural fluid across this leptomeningeal mem brane was greater than its flux in the opposite di rection, and that a portion of the CSF-to-dural fluid flux was active, saturable, and inhibited by ouabain.
Vascular distribution volume
The graphical analysis of the solute distribution data indicated that the functional distribution vol umes that rapidly and reversibly exchange with plasma, Vi values, of AlB (Table 1) and MeAIB (Table 2) , were significantly larger than the Vi of DTPA (Table 3) ; the latter volume was, however, nearly identical with the tissue plasma volume VI' evaluated by 1 2 5J.-RISA ( Figs. 6 and 7) . The dis crepancies among these various initial distribution volumes could be explained in part by the uptake of AlB and MeAIB by RBC; however, when appropri ate allowances were made for red cell uptake (Eq. 15), sizeable nonvascular components of the initial distribution volumes were determined with AlB and MeAIB (Fig. 8) . Moreover, the graphical analysis of the AlB data showed a cluster of short-time 0-and 3-min) points below the extrapolated line fr om a least-squares fit of the other data points (Fig. 3,  bottom) , which suggested that more than 3 min was required for the plasma 1 4 C-AIB to reach a steady state with Vi ' Such an apparent delay in filling Vi was not fo und with DTPA or RISA ( Figs. 4 and 6) .
The preceding observations concerning the initial distribution of AlB and MeAIB imply the presence of a nonvascular component of the rapidly reversi ble distribution volume Vr for these two model amino acids. One possible anatomical site for this space is the capillary endothelial cell. In support of this possibility, Betz and Goldstein (1978) showed that isolated brain capillaries take up MeAIB by a saturable, energy-dependent, temperature-and ouabain-sensitive mechanism and produce tissue/ medium distribution ratios greater than 3 after 60 min of incubation in a medium of normal buffer plus 0.6 mM MeAIB. This implies that brain capillaries may concentrate small neutral amino acids such as AlB and MeAIB when they are administered into the blood and that the Vr of AlB could at least par tially be accounted for by the endothelial cell.
An alternative anatomical site for the Vr of AlB and MeAIB could be the meningeal and ependymal associated tissue, which invariably is included in grossly dissected brain tissue samples. Autoradio grams of 1 4 C-AIB distribution clearly demonstrate higher levels of radioactivity within the meninges and brain tissue along the meningeal and ependymal borders (Fig. 5) . The rapid uptake of AlB and MeAIB by the meninges and ependyma and/or the J eerch Blood Flow Metabol, Vol. 3, No. I, 1983 adjacent neural tissue could contribute to the mag nitude of the nonvascular component of the initial distribution volume of the sampled brain regions (Fig. 8) .
Earlier studies have indicated the presence of a rapidly filling space in brain tissue for some solutes. Bito et al. (1966) investigated the plasma -brain ex change of 1 3 11-iodide and fo und a large initial rise in the 1 3 11-tissue/plasma ratio within the first 15 min, which was fo llowed by a much slower increment over the next 15 min. A nonvascular, rapidly filling tissue space of 0.006 ml g-l was calculated from these data and the tissue/blood ratios of RISA. Sis son and Oldendorf (l971) examined the brain uptake of 3 H-mannitol, 1 4 C-inulin, and 1 4 C-dextran, graphed the resulting data, and determined the ex trapolated distribution ratios (tissue/plasma at t = 0) that are equivalent to Vi' The ratios were 0.0135 (mannitol), 0.009 (inulin), and 0.005 ml g-l (dex tran). Moreover, the dextran ratios remained con stant for 4 h, whereas both the mannitol and inulin ratios increased rather rapidly for the first 10 min and then more slowly fr om 10 min to 4 h. Both sets of authors suggested that this rapidly filling space in brain tissue could be either the pericapillary ECS or the endothelial cell. However, electron-dense mark ers such as horseradish peroxidase pass between adjacent peri capillary glial cells with no detectable hindrance (Brightman and Reese, 1969) but do not move through the tight junctions that connect con tiguous endothelial cells (Reese and Karnovsky, 1967) . These electron microscopic observations in dicate that rapid filling of the peri capillary ECS from the capillary lumen via the endothelial cells and/or their linking tight junctions is unlikely, thus eliminating the pericapillary ECS as a possible site of Vr•
The nonvascular component of the rapidly equilibrating space, V" of AlB, MeAIB, and other compounds has important implications with respect to the mechanism of blood -brain exchange if it rep resents, at least in part, the distribution of these solu tes within endothelial cells. Rapid blood -en dothelial cell exchange in the presence of slow blood -brain exchange implies that transport across the abluminal membrane of endothelial cells into the pericapillary ECF has a significant rate-limiting ef fe ct on the magnitude of overall blood-to-brain flux. Samuels and Schwartz (198 1) have also suggested compartmentation in amino acid transport across the BBB. In addition, Lund-Andersen (1979) has evaluated monosaccharide flux across the BBB in terms of transport across the luminal and abluminal membranes of brain endothelial cells. The discus-sion of Lund-Andersen (1979) and the presence of a significant endothelial cell component of Vr for AlB and MeAIB, as suggested in this study, imply that it may be misleading and erroneous to consider the BBB to be a simple, single-membrane structure when analyzing the blood -brain transfer data of solutes such as amino acids and monosaccharides.
Finally, the THct was determined in brain tissue samples after decapitation and dissection (Eqs . 8, 10, and 11) and was approximately two-thirds of the systemic AHct for all brain regions. This is consis tent with the results of previous studies (Sklar et aI ., 1968; Levin and Ausman, 1969) . The THct in the intact and living animal may be quite different fr om the value presented here, since the process of de capitation and regional sampling could cause a dis proportionate loss of either cellular or plasma com ponents of the blood as it drains from the tissue. Nevertheless, a difference between sampled tissue and systemic AHct values is an important consid eration when determining the fu nctional vascular volume of a test substance that distributes in both plasma and RBC (Eqs . 13 and 14) .
Quantifying changes in the BBB by autoradiographic analysis
The autoradiographic distribution of AlB in the monkey after intravenous administration (Fig. 5 ) demonstrated both regional and subregional differ ences . The variations in regional ALB distribution, such as those between gray and white matter structures, most likely represent regional differ ences in the capillary PS product with respect to AlB . Although blood flow and capillary density differences (which are considered to reflect varia tion in capillary surface area) have been demon strated between these structures, differences in the permeability or transport characteristics of the capillaries cannot be entirely excluded. In addition, the autoradiographic studies demonstrate greater uptake of AlB-and, therefore, higher blood-to tissue transfer constants-in certain specialized structures of the brain (including choroid plexus, meningeal and dural tissue, and the pia-glial and ependymal surfac es of the brain) than in most of the parenchymal gray and white matter. Several other regions, where the BBB is known to be absent or not fu lly developed, also demonstrated relatively high concentrations of ALB ; they included median eminence, area postrema, pituitary and pineal glands, as well as the trigeminal and dorsal root ganglia. Several of these regions (e .g., meninges and the pia-glial and ependymal surfaces) could also account for a sizeable fraction of Vr (Figs . 5 and 8), since they are invariably included during regional dissection and sampling of the brain.
Our quantitative auto radiographic data with 1 4 C-AIB show that subregional variations in the blood -brain distribution of this tracer can be quap titatively ascertained in an area as small as 100 p,m 2 (0.01 square mm), which represents between 100 and 200 cells . The ability to measure 1 4 C radioactiv ity in very small tissue regions using quantitative auto radiographic techniques was combined with single-time blood-to-brain experiments with 1 4 C_ ALB to make regional and subregional quantitative assessments of the BBB in a variety of pathological conditions and different animal models. Preliminary reports of studies with brain tumors (Blasberg et aI ., 1981) , fr eezing injury to the cortex (Blasberg et aI ., 1980b ) , and hyperosmotic opening of the BBB (Blasberg et aI ., 1980a ) have been presented, and they demonstrate the potential of AlB (or MeAIB) as a useful model compound for quantifying moder ate to large regional changes in the BBB (Blasberg et aI ., 1983) .
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Vrb C X Surface area (area per unit mass of brain tissue). Time. A dummy variable for time. Calculated hematocrit of residual blood in the tissue (Eq. 11). Brain volume per unit mass of brain tissue involved in blood -brain sol ute transfer. Volume of the cellular compartment per unit mass of brain tissue. Parenchymal distribution volume per unit mass of brain tissue at time t (Eq. 16). Volume of the extracellular fluid per unit mass of brain tissue; equivalent to the extracellular space. Fraction of the whole blood flowing through the capillaries that is in volved in the blood -brain transfer process; a dimensionless term (vol ume per unit volume). Functional volume of the test solute that rapidly and reversibly ex changes with plasma per unit mass of brain tissue determined by Eq. 6 and graphical analysis. Plasma volume per unit mass of brain tissue at time t. Lower estimate of the nonvascular component of Vi per unit mass of brain tissue at time t (Eq. 15) . Red blood cell volume per unit mass of brain tissue at time t (Eq. 10). Functional vascular volume of the test substance per unit mass of brain tissue (Eq. 14). Distance from a point in caudate nu cleus or corpus callosum to the ependymal surface.
